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Si, and loess is a good proxy for the Si isotopic composition of 23 unweathered, crystalline, continental crust. 24
The Si isotopic compositions of shales display much more variability (δ 30 Using the data gathered in this study, combined with already published granite Si isotope 32 analyses, a weighted average composition of δ
INTRODUCTION 37 38
Silicon (Si) is the second most common element in the Earth's crust (Wedepohl, 1995; Rudnick 39 and Gao, 2003) , and the upper continental crust (UCC) is the major source of primary silica to the 40 oceans; around 85% of marine silica is derived from the continents (Tréguer et al., 1995) . The 41 (supracrustal) Si cycle is also intrinsically linked with the carbon cycle because it is a major nutrient for 42 planktonic diatoms which represent ~40% of marine primary productivity (e.g. Tréguer et al., 1995 ; 43 Hendry et al., 2010) . These organisms with silica skeletons sequester carbon and hence mediate 44 atmospheric CO 2 through burial (Ragueneau et al., 2000) . In addition, weathering of silicate minerals 45 through reaction with carbonic acid (dissolved in meteoric water) also provides a sink for atmospheric 46 CO 2 (Walker et al., 1981) . As stable isotope fractionation can provide information about sources and 47 rates in such cycles, the Si isotope system is of obvious relevance to the aforementioned processes. ). This appears to be as a 59 result of dynamic equilibrium between dissolution and re-precipitation of Si, whereby the degree of 60 isotopic fractionation is much greater during the formation of secondary phases than during dissolution 61 Poitrasson, 2011) . 162
Between 5 and 10 mg of sample powder was weighed into a silver crucible along with ~ 200 mg 163 of NaOH flux (analytical grade in pellet form). The crucible was then placed into a furnace, heated at 164 720ºC for 12 minutes, then removed and allowed to cool slightly. After fusion, the crucible was placed 165 into 20 ml of MQ-e water in a Teflon beaker, and left to react for 24 hours. Afterwards, the beaker was 166 left in an ultrasonic bath (heated to ~ 60°C) for 20 minutes, then transferred from the crucible via a 167 pipette into pre-cleaned 125 ml PP bottles. Finally, the sample was diluted with MQ-e water and 168 acidified (1% v/v) with triple-distilled HNO 3 . Sample yield was then checked using the "Heteropoly 169
Blue" method (whereby Si is measured in the form of a Mo-Si complex) using a Hach Lange DR 2800 170 photospectrometer. The average yield for all loess and shale samples processed in this study is 96 ± 4 % 171
(2 s.d.). 172
Samples were quantitatively purified before MC-ICPMS analysis using a single-pass column 173 technique with strong cationic resin (BioRAD AG50W X12, 200-400 mesh, in H + form). Silicon, at 174 neutral to low pH, exists in solution as either anionic or neutral species, so it is not retained by the 175 resin. It is therefore eluted immediately in MQ-e water, and all cations are quantitatively stripped from 176 the sample (Georg et al., 2006b ). The samples were acidified after purification to 1% v/v HNO 3 . All 177 samples and standards, including the bracketing standard, underwent identical chemical processing 178 before analysis, and the external standards BHVO-2 and Diatomite (see Section 4.1) were routinely 179 analysed to assess method accuracy and reproducibility. 180
There is some evidence that the presence of anionic species (e.g. organic carbon, SO the measured Si isotope composition of various rock standards, including BHVO-2 and SGR-1. Our 184 analyses of both of these standards are identical within error to the recommended, matrix-free, values 185 for these materials (see Table 1 ), even though we did not employ any further steps to combat matrixeffects. It is highly likely that the alkali fusion step, at 720°C, should act to volatilise and thus remove 187 much of the sulphate and carbon (Savage et al., 2010; Zambardi and Poitrasson, 2011) ; also it has also 188 been suggested that some MC-ICPMS instrumental setups may be more sensitive to matrix effects than 189 others (Hughes et al., 2011 
External standards 219
The external standards Diatomite (a pure natural silica standard) and BHVO-2 (Hawaiian basalt, 220 USGS) were routinely analysed to assess sample data accuracy and precision. Both are widely 221 available and often utilised; as such, well-established literature data are available for comparison. Also 222 analysed was the USGS SGR-1b oil shale standard, which has also been analysed by Hughes et al. 223 (2011) . External standard data are given in Table 1 (Fig. 2) or Li and Mg stable isotope compositions (Fig. 4) , although there is a scattered negative 258 trend (R 2 = 0.14) with CIA values (Fig. 3a) . The two Archaean-age Pilbara shales from Australia are 259 both isotopically much lighter than igneous rocks (sample Pg-7 displays the lightest δ 30 Si value 260 analysed in this study, viz. The data described above show that, with respect to Si isotopes, the UCC is heterogeneous 277 relative to the mantle and igneous rocks (Savage et al., 2010 (Savage et al., , 2011 (Savage et al., , 2012 . The following discussion 278 concerns how these data can be used to constrain the Si isotopic composition of the modern day UCC, 279 as well as interpreting the Si isotope composition of clastic sedimentary material in terms of what is 280 already known about possible sources and Si isotope fractionation as a result of low temperature, 281 critical zone, processes. These results will then be combined with data from other sources to calculate 282 an average UCC Si isotopic composition. 283 284
Loess as a proxy for the composition of the UCC 285
The differences in isotopic heterogeneity between loess and shales reflect the different 286 petrogenetic histories of these two lithologies. The consistency of the Si isotopic composition of loess 287 from all over the globe is remarkable. Not only is the range of loess δ 30 Si limited with respect to shale 288 samples, it is also smaller than the isotopic range displayed by igneous rocks (Fig. 1 ). This is despite 289 loess sampling a wide range of lithologies The most likely explanation for this can be found by taking into account the mineralogy of 298 loess, in which the most common Si-bearing phases are quartz and feldspar, i.e., primary igneous 299 minerals (Pye, 1995) . Even though loess has undergone weathering, Si isotopes should only be affected 300 if there has been significant formation of secondary mineral phases. This is not so for the CIA value, 301 which is a proxy for loss of fluid-mobile elements (Ca, Na and K) with respect to Al, predominantly 302 due to breakdown of primary feldspar. Even though Si is more water-soluble than Al (at acidic to 303 neutral conditions; 2 < pH < 8), it is much less so than Ca, Na and K (Turner et al., 1980) and increases 304 in CIA value recorded by loess should not necessarily imply any significant Si loss from the bulk rock. 305
On the other hand, Mg and Li isotopes are a) both strongly fluid mobile and b) not present in large 306 amounts in either quartz or feldspar, and are therefore more amenable to secondary weathering effects. 307
The average Si isotope value for loess is δ 30 Si = -0.22 ± 0.07 ‰ (2 s.d., n = 13). The major Si-308 bearing phases in loess are quartz and feldspar, therefore loess is likely behaving as a proxy for the 309 composition of average quartz and feldspar in the UCC. We refer to this as "fresh crystalline" UCC and 310 it is identical to the average value for granites (δ 30 
of the regression statistics). 313
The Canadian (Huronian and Sudbury) sediments define two Si isotope populations ( Fig. 1) , 314 which appear to be related to weathering degree, with the more isotopically negative group displaying 315
higher CIA values (Fig. 3 The more isotopically negative shale samples from the Canadian suite, the Pilbara suite and 329 from SW USA are all derived from Archaean or Palaeo-proterozoic terrains, and were also deposited 330 during these geological periods. This implies that the UCC was as heterogeneous then, with respect to 331
Si isotopes, as it is today. 332 Given that shales are composed of significant quantities of clay minerals, do the Si isotopic 343 compositions of shales reflect their mineralogy? Certainly, some samples do display light δ 30 Si values 344 (i.e., Perth Basin, Pilbara) and the mean δ 30 Si value for shales is lighter than for loess. However, there 345 are some shales that have δ 30 Si values that are similar to igneous material and, also, some samples that 346 display Si isotopic compositions that are heavier than unweathered continental crust (i.e., the Mt. Si and CIA values (Fig. 3a) and Li 352 and Mg isotopic compositions (Fig. 4 ) might serve to illustrate this; however, as noted for the loess 353 samples, these quantities are not indicative of Si mobility during weathering. This is due to, in part, the 354 lower fluid mobility of Si compared to Li, Mg, Ca etc., and also the fact that Si is present in significant 355 quantities in both primary and secondary silicate minerals -therefore, the δ 30 Si of a shale is likely 356 strongly controlled by the relative abundances of these two mineral groups, which in turn depends on 357 the degree of weathering a sedimentary source has undergone. 358
Weathering of upper crustal material can be divided into three stages (Chesworth, 1977 ; 359 Kronberg et al., 1979) . "Early stage" weathered material is dominated by primary minerals (that is, 360 minerals that constitute fresh igneous or metamorphic lithologies) with a clay fraction consisting of 361 chlorite, vermiculite, smectite and illite. Loess is a good example of "early stage" weathering (e.g. Pye, 362 1995) . "Intermediate stage" weathered material typically contains detrital quartz and a clay fraction 363 predominately composed of smectite and illite (2:1 clays -one octahedral hydroxide "sheet" per two 364 tetrahedral silicate "sheets"), accompanied by loss of feldspar. "Late stage" material is dominated by 365 the quartz-kaolinite (1:1 clays -one hydroxide to one silicate "sheet")-gibbsite-goethite assemblages. 366
Shales typically have intermediate to late-stage mineralogies, where feldspar has been 367 completely replaced by clay minerals but detrital quartz is still modally significant. Clay minerals are 368 isotopically much lighter than primary feldspars but quartz will have a heavier Si isotopic composition, 369 which will serve to dilute the strongly fractionated clay mineral signature, depending on the detrital 370 quartz abundance. Also, the type of clay minerals present in the shale is likely to exert a control on the 371 bulk Si isotope composition: there is now strong evidence that formation of more mature (more 372 desilicified) 1:1 clays is accompanied by much larger degrees of Si isotopic fractionation than 2: One way to assess this is to study the relationship between Si isotopes and Al/Si ratios, and 381 insoluble element concentrations, such as the rare earth elements (REEs), Nb, Ti, etc. An increased 382 abundance of 1:1 clays in a sample should correspond to a higher Al/Si ratio, and also, because of 383 progressive chemical denudation, insoluble element concentrations (Duddy, 1980) . Laterite formation, 384 for example, which involves intense degrees of weathering, can significantly concentrate the REEs 385 (Kronberg et al., 1979) and would be predicted to result in light Si isotope compositions, due to the concentrations, low Al/Si ratios and heavy Si isotope compositions, which can explain the deviation 409 toward heavier Si isotopes in Figure 5 . In this regard, it is worth noting that the isotopically heavy Mt. 410
Isa Group has chert, dolomite and carbonate horizons and contains stromatolites and halitepseudomorphs (Geoscience Australia; http://dbforms.ga.gov.au). 412
An important aspect to stress is that the processes that control the Si isotopic composition of 413 shales, namely intensive weathering and addition of marine-derived silica, are not mutually exclusive. 414
Mixing between these two end-members could result in a Si isotopic composition that is unfractionated 415 with respect to igneous rocks, masking the various isotopically fractionated components of such a 416 sample 417 This is illustrated in Figure 6 Whilst this minimum can account for many of the shale Si isotope compositions, it fails to model many 431 of the Al/Si ratios well. Scenario C, in which kaolinite is forming at the expense of feldspar, and there 432 is a much large (60%) remobilisation of detrital quartz, fits the shale data to a better degree. In this 433 instance, the most negative shale samples can be explained by 70% replacement of the feldspar by 434 clays, and a loss of ~45% of the original quartz; in other words, these shales have 435 quartz:feldspar:kaolinite abundances of ~ 0.3:0.2:0.5. In reality it is unlikely that feldspar is present atall in shale, but this serves to illustrate that kaolinite appears to be an important phase in creating the 437 lightest Si isotope compositions in shales. It is also highly unlikely that a shale will be sourced from a 438 single lithology and this is illustrated by the horizontal deviations from the linear array in Figure 6 It is clear that the Si isotope composition of shales is both source and process-related. Although 457 it is very difficult to identify one major control, it appears that the balance of primary vs. secondary 458 minerals (in particular, detrital quartz and kaolinite) is important. This degree of homogenisation is the 459 reason why shales have been so useful, in previous studies, for constraining average UCC, and should 460 provide a more representative upper crustal Si isotopic composition. 461
The silicon isotope composition of the upper continental crust 463
The upper continental crust consists predominantly of sedimentary and felsic igneous 464 lithologies (or their metamorphosed analogues; Wedepohl, 1995) and so by combining the data 465 acquired during this study with that for granitoid material (Savage et al., 2012), one may characterise 466 the Si isotopic composition of the UCC. These data are shown in histogram form in Figure 7 . The 467 distribution is non-Gaussian when the shales are included, which reflects the greater variability and 468 more stochastic nature of the shale Si isotope compositions. A fairly sharp peak is centred around δ 30 Si 469 ~ -0.25 to -0.20 ‰ and is defined primarily by the granite and loess data, with the shale data defining 470 much larger and relatively even spread of Si isotope compositions. 471
The UCC is much more heterogeneous than the mantle or oceanic crust, with respect to Si 472 isotopes (Fig. 1) . This heterogeneity is displayed by the shale samples, which reflect long-term and/or 473 The greater degree of isotopic heterogeneity means that calculating a meaningful and reliable 498 average δ 30 Si value for the sedimentary unit is more complicated. Firstly, four sub-units are defined 499 (shales and siltstones, sandstones, mafic volcano-clastic sediments and carbonates; Table 4), again 500 following the study of Wedepohl (1995) . Silica contents of the sub-units are then calculated using the 501 SiO 2 averages of the samples analysed in this study, or, in the case of mafic volcano-clastic sediments 502 and carbonates sub-units, estimated from other studies. This approach yields an average unit 503 composition of SiO 2 = 52.6 wt.%, which is almost identical to that given by Wedepohl (1995) . The 504 average δ 30 Si value of all the shale samples analysed in this study is -0.36 ± 0.44 ‰, and this value was 505 used to represent the shale and siltstone sub-unit. The average loess δ 30 Si value of -0.22 ± 0.07 ‰ is 506 used to represent the sandstone sub-unit because they are mineralogically similar, at least in terms of 507 the major Si-hosting phases. The BSE average is used to represent mafic volcanoclastic sedimentary 508 material, as with the gabbro unit. The carbonates were assumed to contain negligible amounts of Si, 509 and so are disregarded in the calculation (the final sedimentary δ 30 Si value does not alter significantly 510 even if the carbonate unit were to contain 10 wt.% SiO 2 with a δ 30 Si value of +1.00 ‰, due to the small 511 relative proportion of this unit). The above approach yields an average sedimentary unit δ 30 Si value of -512 0.31 ± 0.26 ‰. 513
To calculate an average δ 30 Si value for the metamorphic unit, it is first assumed that this unit 514 contains lithologies that have protoliths present in similar proportions to those in the unmetamorphosed 515 portion of the upper continental crust, because the average SiO 2 composition of this unit is very similar 516 to that of the UCC (Table 4) does not introduce further significant uncertainty). This value coincides with the peak illustrated in 524 Figure 7 . Strikingly, this value is only slightly heavier than, but within error of, the value for BSE. 525
Given that chemical weathering fractionates Si isotopes to a relatively large degree, this similarity is 526 perhaps surprising, but is easily explained by the fact that shales and siltstones comprise ~6 wt.% of the 527 UCC, such that these larger variations are effectively masked by the more abundant igneous material 528 (Wedepohl, 1995) . The slight overall enrichment in heavier Si isotopes relative to BSE reflects the 529 predominance of felsic lithologies in the upper crust, which have relatively heavier Si isotopic 530 compositions. However, despite the larger spread of data for the UCC relative to BSE, these 531 compositions are identical within uncertainty, which reflects the competing nature of the different 532 sources of Si: igneous differentiation causes a slight enrichment in the heavy Si isotopes, but chemical 533 weathering counteracts this by readily enriching secondary minerals in the lighter isotopes. 534
Furthermore, addition of marine-derived, authigenic, silica to clastic sediments through orogenesis 535 introduces a heavy Si isotope source, which was previously released from the continents via chemical 536 
